Columnar jointed rock mass (CJRM) is a highly symmetrical natural fractured structure. As the rock mass of the dam foundation of the Baihetan Hydropower Station, the study of its permeability anisotropy is of great significance to engineering safety. Based on the theory of composite mechanics and Goodman's joint superposition principle, the constitutive model of joints of CJRM is derived according to the Quadrangular prism, the Pentagonal prism and the Hexagonal prism model; combined with Singh's research results on intermittent joint stress concentration, considering column deflection angles, the joint constitutive model of CJRM in three-dimensional space is established. For the CJRM in the Baihetan dam site area, the Quadrangular prism, the Pentagonal prism and the Hexagonal prism constitutive models were used to calculate the permeability coefficients of CJRM under different deflection angles. The permeability anisotropy characteristics of the three models were compared and verified by numerical simulation results. The results show that the calculation results of the Pentagonal prism model are in good agreement with the numerical simulation results. The variation of permeability coefficient under different confining pressures is compared, and the relationship between permeability coefficient and confining pressure is obtained, which accords with the negative exponential function and conforms to the general rule of joint seepage.
Introduction
A columnar jointed rock mass (CJRM) is formed by cutting the intact rock from different structural planes, and has long-term complex geological evolution and possesses strong symmetry [1] [2] [3] . A typical CJRM is shown in Figure 1 . With the construction of water conservancy projects in southwestern China, engineering problems involving CJRM dam foundation materials are increasing [4, 5] . Among them, the Baihetan Hydropower Project in Jinsha River is the most typical, and the columnar jointed basalt in the dam site is widely developed, covering an area of about 5 × 10 4 square kilometers. Therefore, the study of CJRM mechanics and seepage characteristics is essential for engineering design and safe construction.
The anisotropy of a jointed rock mass is mainly controlled by the intact rock mass and the joint [6] [7] [8] . For intact rock masses, the permeability coefficient is extremely weak, and the flow of water in it is negligible. Therefore, the permeability characteristics of the jointed rock mass mainly depend on the joint features [9, 10] . Because the elastic modulus of the joint rock mass is much smaller than that of the intact rock mass, the difference between the two deformations under stress reflects the deformation of the joint, which directly affects the water passing capacity and the seepage characteristics of the jointed rock mass. Therefore, in order to fully understand the joint permeability characteristics of a characteristics of the jointed rock mass. Therefore, in order to fully understand the joint permeability characteristics of a jointed rock mass, it is of great significance to study the joint deformation ability of the jointed rock mass under stress. The theoretical analytical method provides a convenient and fast way of studying the deformation characteristics of jointed rock masses. Singh [11, 12] and Gerrard [13, 14] studied the constitutive relations of one, two and three sets of jointed rock masses using theoretical methods. Yan [15] and Meng [16] developed the equivalent model compound analytical method, and derived a constitutive model of the regular quadrilateral and regular Hexagonal CJRM.
With respect to stress-seepage coupling, Zou [17] obtained a stress-dependent quadrilateral columnar joint seepage model through a triaxial seepage test; Xiong [18] analyzed the influence of deflection angle on the permeability coefficient by 3DEC numerical simulation method; white cement was used as the joint medium, and the empirical formula of the permeability coefficient of the Hexagonal columnar joint was obtained using a triaxial seepage test [19, 20] . It can be seen that the current research on the seepage characteristics of columnar joints is mostly based on physical model tests, so that the permeability coefficient is solved by empirical formulas, and there is no relevant theoretical research. Field investigations have found that the columns commonly found in the actual geological environment are irregular Quadrangular prisms, Pentagonal prisms and Hexagonal prisms. Table 1 reflects the natural structural features of CJRM; from this, we can see that the quadrilateral, pentagon and hexagon account for more than 90%, and the pentagon accounts for a large proportion. Therefore, carrying out related research on the regular Quadrangular prism and Hexagonal prism models only is a great limitation. It is necessary to fully consider the influence of different cross-section shapes on the seepage characteristics of CJRM. The data comes from Que [21] .
In this paper, a stress-dependent columnar joint seepage model is established. The Pentagonal column constitutive model proposed by Que [21] is introduced simultaneously with the Quadrangular prism and the Hexagonal column model. Based on the theory of composite mechanics and Goodman's joint superposition principle, the constitutive model of joints of CJRM is derived on the basis of the Quadrangular prism, the Pentagonal prism and the Hexagonal prism model in The theoretical analytical method provides a convenient and fast way of studying the deformation characteristics of jointed rock masses. Singh [11, 12] and Gerrard [13, 14] studied the constitutive relations of one, two and three sets of jointed rock masses using theoretical methods. Yan [15] and Meng [16] developed the equivalent model compound analytical method, and derived a constitutive model of the regular quadrilateral and regular Hexagonal CJRM.
In this paper, a stress-dependent columnar joint seepage model is established. The Pentagonal column constitutive model proposed by Que [21] is introduced simultaneously with the Quadrangular prism and the Hexagonal column model. Based on the theory of composite mechanics and Goodman's joint superposition principle, the constitutive model of joints of CJRM is derived on the basis of the Quadrangular prism, the Pentagonal prism and the Hexagonal prism model in combination with Singh's research results on intermittent joint stress concentration and considering column deflection angle. The joint constitutive model of CJRM in three-dimensional space is established, and finally, the joint mechanical aperture is converted into the equivalent hydraulic aperture, and the permeability coefficient is calculated. The variation of permeability coefficient under different confining pressures is compared, and the relationship between permeability coefficient and confining pressure is obtained, which corresponds to the negative exponential function and conforms to the general rule of joint seepage. Three constitutive models were applied to the CJRM of Baihetan. The variation of permeability coefficient under different deflection angles of the columns was analyzed and compared, and the calculated results were compared with the numerical simulation results. The results show that the constitutive relation of the Pentagonal prism model has good applicability and can provide a reference for the permeability analysis of large-scale water conservancy and hydropower projects.
Establishment of Seepage Model for Stress-Dependent Fractured Rock Mass

Seepage Model
The seepage theory of rock mass originated from the study of single-fracture seepage in rock. The Soviet scholar Lomize [22] and the French scholar Louis [23] carried out the first smooth parallel plate tests and established the famous cubic law:
where q is the unit width flow, g is gravity, J f is the hydraulic gradient parallel to the structural planes, b is the aperture, and µ is dynamic viscosity of fluid. Correspondingly, the permeability coefficient of a smooth joint can be expressed as K f = gb 2 /12µ. The cubic law is applicable to smooth fractures, but the natural fracture surface has rough characteristics; therefore, the equivalent hydraulic aperture b h is needed in the calculation. Lomize [24] and Louis [25] established the following expressions using the fracture surface roughness correction coefficient method:
where β is the ratio of the area of the joint in the fracture to the total area; C Lomize , C Louis are the correction coefficient of the fracture surface roughness and e is the absolute height of the protrusion of the fracture surface. Barton [26] and Bandis [27] established the expression of the equivalent hydraulic aperture of the fracture based on the mechanical aperture, which takes the joint roughness coefficient (JRC) as a parameter; the formula can be expressed as:
where δ max 2 is the maximum fracture displacement, and σ n' is the effective normal stress. K n0 is initial normal stiffness when normal stress is zero. Zou [17] used JRC as a measurable parameter when constructing the stress-dependent joint rock mass seepage model, and calculated the permeability coefficient considering the joint aperture change under stress. Therefore, when calculating the stress-dependent permeability coefficient of fractured rock mass, the equivalent hydraulic aperture can be calculated by calculating the mechanical opening of fracture under complex stress.
Stress-Dependent Seepage Model
In actual rock engineering, a single fracture is not only affected by normal stress σ 1 , but also by lateral stress σ 2 and σ 3 in two directions parallel to the fracture when calculating the permeability coefficient; it is also subject to water pressure P, as shown in Figure 2 .
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In actual rock engineering, a single fracture is not only affected by normal stress σ1, but also by lateral stress σ2 and σ3 in two directions parallel to the fracture when calculating the permeability coefficient; it is also subject to water pressure P, as shown in Figure 2 . When Louis [23] described the influence of stress on fracture deformation, a large number of experiments showed that the relationship between fracture deformation and stress was a negative exponential function. Supposing the maximum aperture at zero normal stress of the fracture is b0, the normal stiffness of the crack is kn, the deformation of the crack under the normal stress can be expressed as follows:
According to the fracture surface roughness correction coefficient method, the corresponding permeability coefficient Kf can be expressed as:
Equation (4) establishes the stress-dependent seepage formula based on the negative exponential function of the single jointed rock mass. The factors affecting the permeability coefficient Kf of the jointed rock mass are only the effective normal stress σn' and JRC, so the fracture permeability coefficient can be expressed as a function of the mechanical aperture, assuming that the fracture parameters are constant. When studying the seepage characteristics of CJRM, since the joint is in the form of a joint group, the results obtained by the superposition method of Formula (4) contains a large error, and the calculation of the permeability coefficient of Formula (4) is completely based on the physical test experience, which cannot accurately react to the permeability characteristics of columnar jointed rock masses. Therefore, it is necessary to propose a method for accurately calculating the analytical solution of the joint opening. In this article, which is based on the theory of composite mechanics and Goodman's joint superposition principle, the constitutive model of joints of CJRM is derived on the basis of the Quadrangular prism, the Pentagonal prism and the Hexagonal prism model. Through these three models, the permeability characteristics of the columnar jointed rock mass can be reflected.
Establishment of Seepage Model for Stress-Dependent Fractured Rock Mass
To describe the constitutive model, three premises need to be initially confirmed [28, 29] : Anisotropy of the CJRM is predominantly controlled by structural planes. CJRM can be treated as an elastic, homogeneous and anisotropic object. When Louis [23] described the influence of stress on fracture deformation, a large number of experiments showed that the relationship between fracture deformation and stress was a negative exponential function. Supposing the maximum aperture at zero normal stress of the fracture is b 0 , the normal stiffness of the crack is k n , the deformation of the crack under the normal stress can be expressed as follows:
According to the fracture surface roughness correction coefficient method, the corresponding permeability coefficient K f can be expressed as:
Equation (4) establishes the stress-dependent seepage formula based on the negative exponential function of the single jointed rock mass. The factors affecting the permeability coefficient K f of the jointed rock mass are only the effective normal stress σ n' and JRC, so the fracture permeability coefficient can be expressed as a function of the mechanical aperture, assuming that the fracture parameters are constant. When studying the seepage characteristics of CJRM, since the joint is in the form of a joint group, the results obtained by the superposition method of Formula (4) contains a large error, and the calculation of the permeability coefficient of Formula (4) is completely based on the physical test experience, which cannot accurately react to the permeability characteristics of columnar jointed rock masses. Therefore, it is necessary to propose a method for accurately calculating the analytical solution of the joint opening. In this article, which is based on the theory of composite mechanics and Goodman's joint superposition principle, the constitutive model of joints of CJRM is derived on the basis of the Quadrangular prism, the Pentagonal prism and the Hexagonal prism model. Through these three models, the permeability characteristics of the columnar jointed rock mass can be reflected.
To describe the constitutive model, three premises need to be initially confirmed [28, 29] : Anisotropy of the CJRM is predominantly controlled by structural planes. CJRM can be treated as an elastic, homogeneous and anisotropic object. The seepage pressure acts on the outside of the rock mass as an external load, and the JRC of the fracture does not change with the aperture of the fracture.
Stress-Dependent Seepage Model
Columnar joints can be regarded as a complete rock mass cut by multiple sets of joints. The cross-section shapes of CJRM are primarily irregular Quadrangular, Pentagonal, and Hexagonal in nature [30] . When establishing the corresponding constitutive model, Quadrangular and Hexagonal prism models are easier to establish due to their symmetry. The Pentagonal prism model is more complex due to the introduction of variable angle θ, where θ is the angle between the top and the bottom parallel directions, which can be adjusted according to the actual situation on site, reflecting the flexibility of this model. Three generalized models of the CJRM are shown in Figure 3 : The seepage pressure acts on the outside of the rock mass as an external load, and the JRC of the fracture does not change with the aperture of the fracture.
Columnar joints can be regarded as a complete rock mass cut by multiple sets of joints. The crosssection shapes of CJRM are primarily irregular Quadrangular, Pentagonal, and Hexagonal in nature [30] . When establishing the corresponding constitutive model, Quadrangular and Hexagonal prism models are easier to establish due to their symmetry. The Pentagonal prism model is more complex due to the introduction of variable angle θ, where θ is the angle between the top and the bottom parallel directions, which can be adjusted according to the actual situation on site, reflecting the flexibility of this model. Three generalized models of the CJRM are shown in Figure 3 : Due to weathering and sedimentation, the physical mechanics and seepage characteristics of the internal filling materials of the joints are quite different compared with the intact rock mass. When subjected to external forces, the total strain {εs} produced by the jointed rock mass comprises joint strain {εj} and intact rock mass strain {εr}:
where [Ss] is the joint rock mass flexibility matrix, and {σ} is the stress matrix. Correspondingly, according to the theory of composite materials, the joint rock mass flexibility matrix minus the intact rock mass flexibility matrix [Sr] can be used to obtain the joint flexibility matrix [Sj], as follows:
The flexibility matrix of a complete rock can be described by three parameters Er, Gr and vr, which represent the elastic modulus, shear modulus and Poisson's ratio of the rock. The intact rock is an isotropic material, but the CJRM is a composite material with anisotropic characteristics, the flexibility matrix of which can be expressed by engineering constant as: Due to weathering and sedimentation, the physical mechanics and seepage characteristics of the internal filling materials of the joints are quite different compared with the intact rock mass. When subjected to external forces, the total strain {ε s } produced by the jointed rock mass comprises joint strain {ε j } and intact rock mass strain {ε r }:
where [S s ] is the joint rock mass flexibility matrix, and {σ} is the stress matrix. Correspondingly, according to the theory of composite materials, the joint rock mass flexibility matrix minus the intact rock mass flexibility matrix [S r ] can be used to obtain the joint flexibility matrix [S j ], as follows:
The flexibility matrix of a complete rock can be described by three parameters E r , G r and v r , which represent the elastic modulus, shear modulus and Poisson's ratio of the rock. The intact rock is an isotropic material, but the CJRM is a composite material with anisotropic characteristics, the flexibility matrix of which can be expressed by engineering constant as:
To calculate the composite engineering constant of CJRM, Yan proposed joint thickness fraction L j and joint connectivity rate A j [15] , as shown in Figure 4 . From the jointed rock mass unit, it can be seen that the joint is through in one direction (3-axis direction) and discontinuous in the other direction (2-axis direction). To calculate the composite engineering constant of CJRM, Yan proposed joint thickness fraction Lj and joint connectivity rate Aj [15] , as shown in Figure 4 . From the jointed rock mass unit, it can be seen that the joint is through in one direction (3-axis direction) and discontinuous in the other direction (2-axis direction). Furthermore, the joint is considered to be a thickness model, and the normal stiffness kn and the shear stiffness ks commonly used in engineering are used to describe the elastic characteristics of the crack, and the Poisson effect of the crack is neglected, and the crack surface is regarded as anisotropic and in an elastic stage. The results obtained by solving the equivalent elastic parameters of the single set of jointed rock mass in the (1-2) plane are as follows: 
(1 )
where tj is the mechanical aperture of the joint.
Constitutive Equation of Joint in the 1-2 Plane
In the 1-2 plane, the flexibility matrix of CJRM can be expressed as: Furthermore, the joint is considered to be a thickness model, and the normal stiffness k n and the shear stiffness k s commonly used in engineering are used to describe the elastic characteristics of the crack, and the Poisson effect of the crack is neglected, and the crack surface is regarded as anisotropic and in an elastic stage. The results obtained by solving the equivalent elastic parameters of the single set of jointed rock mass in the (1-2) plane are as follows:
where t j is the mechanical aperture of the joint.
In the 1-2 plane, the flexibility matrix of CJRM can be expressed as:
where S ij are the composite engineering coefficients. In order to estimate the composite engineering constant of DJRM on the 1-2 plane, the Quadrilateral, Hexagonal and Pentagonal prism models are divided into jointed rock mass and intact rock mass. The flexibility matrix can be solved as shown in Figure 5 .
Taking the Hexagonal prism models as an example, it can be split into three sets of joints in the plane, forming a 60 • angle with each other, and the joint connection rate is 1/3. There are some joints whose main direction is not parallel to axis 1 and axis 2, so it is necessary to consider the stress-strain relationship of a single group of joints in the X and Y coordinate system after the deflection of the main direction. Ignoring the influence of the intersection of joints, using the superposition principle, the equivalent flexibility matrix in the 1-2 plane of the Hexagonal prism CJRM can be obtained as follows:
where [S] 0 corresponds to the flexibility matrix of the joint group whose spindle is parallel to the 1-2 axis. [K(ϕ)] is the plane coordinate transformation matrix, and its expression is as follows: where Sij are the composite engineering coefficients. In order to estimate the composite engineering constant of DJRM on the 1-2 plane, the Quadrilateral, Hexagonal and Pentagonal prism models are divided into jointed rock mass and intact rock mass. The flexibility matrix can be solved as shown in Figure 5 . Taking the Hexagonal prism models as an example, it can be split into three sets of joints in the plane, forming a 60° angle with each other, and the joint connection rate is 1/3. There are some joints whose main direction is not parallel to axis 1 and axis 2, so it is necessary to consider the stress-strain relationship of a single group of joints in the X and Y coordinate system after the deflection of the main direction. Ignoring the influence of the intersection of joints, using the superposition principle, the equivalent flexibility matrix in the 1-2 plane of the Hexagonal prism CJRM can be obtained as follows:
where [S]0 corresponds to the flexibility matrix of the joint group whose spindle is parallel to the 1-2 axis. [K(φ)] is the plane coordinate transformation matrix, and its expression is as follows: 
Using MATLAB software, the composite engineering coefficients in the Hexagonal flexibility matrix are follows: Using MATLAB software, the composite engineering coefficients in the Hexagonal flexibility matrix are follows:
According to the composite solution method shown in Figure 4 , the joint flexibility matrix of the Quadrangular prism and the Pentagonal prism model is also available.
Establishment of Three-Dimensional Joint Flexibility Matrix
When the joint flexibility matrix in the two-dimensional plane of the CJRM is established, due to the influence of the hidden joint and the deflection angle of the column axis, directly expanding the flexibility matrix into the three-dimensional space will cause errors. Since there are a large number of hidden joints in the direction of the column axis, the column along the column axis direction is cut transversely by the joint into a discontinuous prismatic structure, so there is a stress concentration phenomenon. When solving the positive-axis elastic constant in three-dimensional space, it is necessary to consider the vertical offset of the joint. At the same time, due to the geological structure of the actual rock formation, the main direction of the material does not coincide with the direction of the geodetic coordinate axis. The deflection angle that often exists between the two coordinate systems needs to be considered when solving the flexibility matrix.
To calculate the elastic parameters of the column axis direction, Singh established a hidden joint model considering the vertical offset of the joint, and gave the calculation formula of the elastic constant as follows: 
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where b nn and b sn are the concentration factors of normal stress and shear stress caused by joint offset, respectively, Fs is the vertical offset between adjacent hidden joints, and S s and S n indicate the joint spacing between parallel and vertical column axis directions, respectively. After the spindle coordinate system is converted to the geodetic coordinate system, the transformation relationship of the flexibility matrix is as follows:
where [S] XYZ and [S] 123 represent the flexibility matrix in the geodetic coordinate system x-y-z and the material spindle coordinate system 1-2-3, respectively; [T(α,β,γ)] is the coordinate transformation matrix, α is the deflection azimuth angle, β is the dip angle, and γ is the steering angle.
Establishment of Permeability Coefficient K ZZ of the Column-Axis Equation
By taking the parameters into the model, the strains {ε 1 , ε 2 , ε 3 , γ 1 , γ 2 , γ 3 } of the CJRM fissures can be obtained. For convenience of calculation, the joint arrangement of the Hexagonal prism and the Pentagonal prism model is simplified into a quadrilateral. This arrangement, applying the simplified approach proposed by Que [21] , simplifies the geometric elements of the three models into a joint length S 2 parallel to the X axis and a joint width S 1 parallel to the Y axis; the cross-sectional shape of the Pentagonal prism and the Hexagonal prism model is simplified into a quadrilateral. This simplified method will lead to some errors when the variable angle θ 0 for the Pentagonal prism model, but the study by Que proved that this error is extremely small and can be ignored, and when θ = 0, the pentamorphic shape will become rectangular. The simplified cross-section is as shown in Figure 6 :
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Verification and Comparison of CJRM Seepage Constitutive Models
Comparison and Analysis of Three Constitutive Models and Numerical Simulation Results
where b hx and b hy are the equivalent hydraulic aperture of the X-axis and Y-axis, b x0 and b y0 are the maximum aperture at zero normal stress of the X-axis and Y-axis, respectively. According to Premise (4), the permeability coefficient K ZZ in the direction of the column axis can be solved as follows:
where A xi and B xi are joint areas in the X-axis direction and the Y-axis direction, respectively. m and n are the number of joint groups of the X-axis and the Y-axis, respectively. By means of the above method, a formula is established for solving the permeability coefficient of CJRM in three-dimensional space.
Verification and Comparison of CJRM Seepage Constitutive Models
Comparison and Analysis of Three Constitutive Models and Numerical Simulation Results
Baihetan Hydropower Station is located in Sichuan Province, China, which is the second cascade power station developed by the cascade of the mainstream of the lower reaches of the Jinsha River. It has the benefits of generating electricity, while also acting as flood control and sand blocking. In the dam area, the most obvious stratigraphic lithology is basalt, which belongs to the Emeishan (Emei Mt.) formation of the Permain System (P 2 β) [1] .
Combined with the in situ test results and numerical simulation results of the columnar jointed rock stratum P 2 β 33-2 carried out in the dam site area of Baihetan Hydropower Station, the constitutive equation of the CJRM anisotropic seepage is verified. To study the influence of the water level variation on the safety of the dam foundation, Xiong [18] used the improved Voronoi algorithm to construct a three-dimensional columnar model of the columnar jointed rock mass of the Baihetan dam foundation, the analysis and calculation of the seepage tensor of the Baihetan dam foundation were carried out by 3DEC discrete element software. The numerical model is shown in Figure 7 .
Symmetry 2020, 12, x FOR PEER REVIEW 10 of 15 upstream and downstream of the Baihetan arch dam is 200 m, the pore water pressure of 2 MPa is added to the corresponding surface of the model, and the remaining surfaces are set as impervious surfaces. The outer boundary of the model is subject to displacement constraints. By changing the inclination angle β of the cylinder, different inclination angle coefficients of column axial permeability KZZ can be obtained. To verify the applicability of the constitutive model proposed in this paper, the parameters used in the constitutive equation are the same as those used in the numerical simulation. The permeability coefficients of columnar jointed rock masses at different deflection angles were calculated by using the Quadrangular prism, Pentagonal prism, and Hexagonal prism models, and the differences between the calculation results of the three seepage constitutive models and the numerical simulation results obtained at the same inclination were compared and analyzed. The calculation programs for the Quadrilateral, Hexagonal and Pentagonal prism seepage constitutive models were calculated in MATLAB software. According to the mechanical characteristics of the Baihetan project, the optimal variable angle of the Pentagonal prism was determined to be θ0 = 0.8698 rad by inversion calculation. In the calculation process, a calculation method with equal circumference is adopted. Therefore, the contour of the method plan was selected to ensure that the different models had the same joint area. The polar coordinate diagram of the permeability coefficient value of the column axis direction changed with the deflection angle of the prism, as shown in Figure 8 , and the calculation results were compared and analyzed.
It can be seen from Figure 8 that the permeability coefficients of the three models have the following laws: under the same deflection angle, the permeability coefficient of the Quadrangular prism model is the largest, and the permeability coefficient of the Pentagonal prism model is larger In the process of numerical simulation of columnar jointed rock mass, Xiong first established the columnar joint geometric model based on the columnar joint geometric parameters (l, t j , s, s 3 ), and then employed the engineering parameters of the Baihetan (kn, ks, Er, Gr) to perform numerical calculations. The above parameter values are shown in Table 2 . The head difference between the upstream and downstream of the Baihetan arch dam is 200 m, the pore water pressure of 2 MPa is added to the corresponding surface of the model, and the remaining surfaces are set as impervious surfaces. The outer boundary of the model is subject to displacement constraints. By changing the inclination angle β of the cylinder, different inclination angle coefficients of column axial permeability K ZZ can be obtained. To verify the applicability of the constitutive model proposed in this paper, the parameters used in the constitutive equation are the same as those used in the numerical simulation. The permeability coefficients of columnar jointed rock masses at different deflection angles were calculated by using the Quadrangular prism, Pentagonal prism, and Hexagonal prism models, and the differences between the calculation results of the three seepage constitutive models and the numerical simulation results obtained at the same inclination were compared and analyzed. k n , k s normal stiffness and shear stiffness, respectively. K f0 is the initial permeability coefficient. E r , G r , v r are the elastic modulus, shear modulus and Poisson's ratio, respectively, of the intact rock. l is the side length of CJRM, s 3 is the average column length, and s is the vertical staggered distance between the adjacent hidden joints.
The calculation programs for the Quadrilateral, Hexagonal and Pentagonal prism seepage constitutive models were calculated in MATLAB software. According to the mechanical characteristics of the Baihetan project, the optimal variable angle of the Pentagonal prism was determined to be θ 0 = 0.8698 rad by inversion calculation. In the calculation process, a calculation method with equal circumference is adopted. Therefore, the contour of the method plan was selected to ensure that the different models had the same joint area. The polar coordinate diagram of the permeability coefficient value of the column axis direction changed with the deflection angle of the prism, as shown in Figure 8 , and the calculation results were compared and analyzed. 
The Variation Law of Permeability Coefficient of Pentagonal Prism Model with Confining Pressure
It can be understood from Section 4.1 that the Pentagonal prism model is better able to describe the seepage characteristics under different deflection angles of Baihetan, in order to verify that the permeability coefficient curve under different confining pressures satisfies the empirical formula of the permeability coefficient of fractured rock masses, the Pentagonal prism seepage model under different deflection angles is analyzed, and four different deflection angles (15°, 30°, 45°, 60°) are selected. Figure 9 shows that as the confining pressure increases, the permeability coefficients are reduced; as the deflection angle decreases, since the normal stress and the shear stress no longer only cause the corresponding line strain and shear strain, a tensile-shear coupling effect will occur, and the joint opening degree under the same confining pressure becomes large. The corresponding permeability coefficient will increase accordingly. The coefficient-confining pressure fitting variation law can be expressed by the formula KZZ = a•K0 exp(−b•σ). Both a and b parameters in the formula are related to the joint feature. Due to the introduction of three-phase stress, the three-phase stress will have an effect on the parameter b. The multivariate regression fitting curve and the Louis, Peuga and other scholars have the same form for the formula obtained from the normal stress, which can be expressed as a negative exponential function of pressure, as shown in Formula (5) . Therefore, the constitutive model proposed in this paper expands the previous empirical formula, and is better able It can be seen from Figure 8 that the permeability coefficients of the three models have the following laws: under the same deflection angle, the permeability coefficient of the Quadrangular prism model is the largest, and the permeability coefficient of the Pentagonal prism model is larger than that of the Hexagonal prism model. In addition, the permeability coefficients of the three models all achieve the minimum value when β=n·90 • (n=1,3), and the maximum value when β = (n − 1)·90 • (n = 1,3) . The reason for this can be attributed to two aspects, one is the geometry of the model, and the other is the force characteristics of the model.
(1) The difference in the joint dependent variables depends on the differences in the geometric characteristics of the three models. The reason for this difference is that the three apex angles of the hexagonal plane around a point in the Hexagonal prism model are mutually interlocked. When the shear force acts, the joints and the prisms are mutually constrained, and the structure is at its most stable. The planar quadrilateral joint is composed of two sets of completely penetrating joints. When β = n·90 • (n = 1,3), the shearing force is along the joint direction, the displacement limitation between the cylinders is weak, and the structure is most vulnerable. The pentagonal plane combines the structural characteristics of the above two models, and is composed of three sets of incompletely through joints and one set of completely through joints, that is, there is a complete through joint surface and there is also mutual engagement between the prisms, and the structural stability is second only to the planar Hexagonal structure.
(2) When the deflection angle of the prism is β = n·90 • (n = 1,3), the confining pressure acts completely on the closing effect of the joint, so the strains of the three models are larger, resulting in smaller joint aperture, and correspondingly the coefficient of permeability is smaller; conversely, when the prism deflection angle is reduced to β = (n − 1)·90 • (n = 1,3) , the confining pressure not only produces a joint closing effect, but also causes the joint to produce the shear slip effect along the column axis, resulting in the joint aperture becoming larger and the corresponding permeability coefficient becoming larger.
The permeability coefficients obtained by the three models are compared with the permeability coefficients obtained by numerical simulation experiments. When the prism deflection angle is β = (n − 1)·90 • (n = 1,3), that is, when the prism body is not deflected, the curve obtained by the seepage constitutive model of the Pentagonal prism model is the closest to the curve obtained by numerical simulation. With the increase of the deflection angle, the difference between the numerical simulation results and the calculation results of the Pentagonal column joint seepage constitutive model increases gradually. When the deflection angle is β = n·90 • (n = 1,3), the difference between the two reaches its maximum. In the seepage process of the jointed rock mass under confining pressure, the change of joint aperture will affect its permeability coefficient. At the same time, the filling material in the joint will be deformed due to extrusion. The deformation causes the permeability coefficient to decrease, which is also the influencing factor of the permeability coefficient of the rock mass.
Based on this, it can be concluded that when the rock mass deflection angle is small, the joint flexibility constitutive model derived from the linear elastic theory can used to approximately calculate the corresponding joint aperture, thereby calculating the permeability coefficient. When the prism deflection angle is large, there is a big change in the degree of joint aperture. There is a certain error in the calculation of the linear elastic model. It is necessary to consider the change of the permeability of the internal filling material itself.
It can be understood from Section 4.1 that the Pentagonal prism model is better able to describe the seepage characteristics under different deflection angles of Baihetan, in order to verify that the permeability coefficient curve under different confining pressures satisfies the empirical formula of the permeability coefficient of fractured rock masses, the Pentagonal prism seepage model under different deflection angles is analyzed, and four different deflection angles (15 • , 30 • , 45 • , 60 • ) are selected. Figure 9 shows that as the confining pressure increases, the permeability coefficients are reduced; as the deflection angle decreases, since the normal stress and the shear stress no longer only cause the corresponding line strain and shear strain, a tensile-shear coupling effect will occur, and the joint opening degree under the same confining pressure becomes large. The corresponding permeability coefficient will increase accordingly. The coefficient-confining pressure fitting variation law can be expressed by the formula K ZZ = a·K 0 exp(−b·σ). Both a and b parameters in the formula are related to the joint feature. Due to the introduction of three-phase stress, the three-phase stress will have an effect on the parameter b. The multivariate regression fitting curve and the Louis, Peuga and other scholars have the same form for the formula obtained from the normal stress, which can be expressed as a negative exponential function of pressure, as shown in Formula (5) . Therefore, the constitutive model proposed in this paper expands the previous empirical formula, and is better able to describe the permeability characteristics of CJRM.
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Conclusions
To study the seepage characteristics of CJRM, the Pentagonal prism model was added on the basis of the commonly used Quadrangular prism and Hexagonal prism models, and the corresponding three-dimensional seepage constitutive model considering hidden joint and prism 
To study the seepage characteristics of CJRM, the Pentagonal prism model was added on the basis of the commonly used Quadrangular prism and Hexagonal prism models, and the corresponding three-dimensional seepage constitutive model considering hidden joint and prism deflection angle was established. According to the CJRM of Baihetan, the parameters of three constitutive models were determined by in situ test results, and the calculation results of the three models were compared with the numerical simulation results. The main conclusions are as follows:
1.
The three models applied to the Baihetan project were able to reflect the basic seepage characteristics. Compared with the Quadrangular prism and the Hexagonal prism model, the calculation results of the Pentagonal prism model were most consistent with the numerical simulation results. This is because the Pentagonal prism model not only has a completely penetrating joint, but also a mutual bite between the prisms, which is able to truly reflect the seepage characteristics of the columnar jointed rock mass.
2.
The permeability coefficients calculated by the seepage constitutive model of the three columnar jointed rock masses reached their minimum when the deflection angle of the prism was β = n·90 • (n = 1,3), and reached their maximum when the deflection angle of the cylinder was β = (n − 1)·90 • (n = 1,3). This is because at β = n·90 • (n = 1,3), the confining pressure of the column is completely converted into normal stress, and the joint strain is high. As the deflection angle gradually decreases to β = (n − 1)·90 • (n = 1,3), the partial confining pressure causes the joint shear slip, and the joint strain becomes smaller, leading to a larger permeability coefficient of the joint.
3.
The law of permeability coefficient with the change of confining pressure calculated by the seepage constitutive models proposed in this paper can be expressed as a negative exponential function, which conforms to the general law of seepage of jointed rock mass, and expands the solution method for the permeability coefficient of columnar jointed rock mass under stress field.
In this paper, the theoretical solution method is used to obtain the joint flexibility matrix of CJRM, and then the permeability coefficient is solved. This method is able to solve the stress-dependent seepage problem in linear elasticity. However, as the joint aperture decreases, the JRC of the joint plane and the joint connectivity rate change, which leads to the change of the permeability coefficient of the jointed rock mass and causes errors in the calculation results. Subsequent research will fully consider the impact of changes in joint permeability and further enrich the research results.
